In the present contribution we assess the luminescent properties of amorphous europium titanium phosphate thin films. The films have been deposited by atomic layer deposition, using the precursor combinations Eu(thd) 3 (thd ¼ 2, 2,6,6-tetramethyl-3,5-heptanedione) place. The inclusion of phosphate is expected to reduce the symmetry around Eu 3+ compared to the pure oxide structure, which should increase the f-f transition rate and improve the luminescence efficiency. The as deposited samples display a high degree of photobleaching when subjected to UV or X-rays. The bleaching rate has been quantified for the as deposited samples and can be controlled by adjusting the Ti-content in the samples. Annealing the samples at 500-700 C increases both the photostability and the luminescence of all compositions, while annealing at 800 C and above quenches the Eu 3+ luminescence. Annealing at 1000 C results in a broad NIR emission centred around 820 nm for most of the samples. The structure, roughness, thickness and composition of the deposited films have been studied by X-ray diffraction, atomic force microscopy, ellipsometry, and X-ray fluorescence, respectively. The optical properties have been characterized with excitation and photoluminescence spectroscopy and spectroscopic ellipsometry, while field emission scanning electron microscopy has been used to determine the morphology of the annealed samples.
Introduction
Luminescent materials, and the lanthanides in particular, are key components in a wide range of applications, like lasers, 1 
LEDs,
2,3 scintillators, 4 sensors 5 and biological markers. 6, 7 The lanthanide oxides are thermodynamically very stable with high melting points, enabling applications at high temperatures and under harsh environments as well as bifunctional materials such as protective luminescent coatings. 8 They are also stable in contact with silicon, which is a requirement for silicon based technologies such as photovoltaics. 9 One of the limiting factors in present silicon based photovoltaics is losses due to thermalization. These losses can be reduced by application of thin lms of luminescent materials that convert UV photons to visible light. In this manner, the visible light can be tuned to better t the optical absorption prole of the silicon solar cell and with an overall increase in efficiency. [10] [11] [12] However, in order to realise such implementations, highly efficient converter materials have to be produced as thin lms or coatings. Chen et al. for instance observed an efficiency increase of a silicon cell from 17.1% to 17.7% by adding a luminescent UV conversion layer. 13 Another related application of such thin lms is as coatings for green houses to increase crop growth. 14 
Eu
3+ is known for its characteristic red luminescence and is able to convert UV to red. However, as the absorption bands of Eu 3+ are narrow, it is common to incorporate it into hosts that can absorb UV light and then transfer the energy to Eu 3+ , from which characteristic red emission takes place. In our current work the charge-transfer (CT) absorption of (TiO 6 ) 8À is used as the absorbing material, and the energy is transferred to Eu 3+ via
Förster resonant energy transfer (FRET).
Atomic layer deposition (ALD) is a unique gas-phase deposition technique and is considered a powerful method for depositing thin and conformal lms for ultra-scaled conventional and novel microelectronic devices at low temperatures. [15] [16] [17] The development of ALD processes for ternary and quaternary oxides has recently seen a rapid increase. results in an increased emission, which is expected to be due to reduced symmetry of the lanthanide surroundings, increasing the spontaneous emission rate. As solid solubility between EuPO 4 and any Ti-P-O structure does not seem to occur, the samples are completely amorphous up to relatively high temperatures, before decomposing into multiple crystalline phases.
We also demonstrate materials exhibiting a decrease in emission while being subjected to UV light, i.e. a form of photobleaching. As this effect can be desirable or not, depending on the application it is intended for (UV stable or UV reactive), it is useful to determine if it can be controlled. Photobleaching is oen related to reversible or irreversible photoinduced structural changes, [25] [26] [27] and if the changes are reversible, they can potentially be useful for applications like optical storage and holography.
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Experimental
The lms were deposited with an F-120 research-type ALDreactor (ASM Microchemistry Ltd) at 300 C and at a reactor pressure of 2.2 mbar. The b-diketonate chelate Eu(thd) 3 (thd ¼ 2,2,6,6-tetramethyl-3,5-heptanedione) (Strem Chemicals, >99.9%), was used as the europium precursor. TiCl 4 (Aldrich, >99.9%) was used as titanium precursor. Me 3 PO 4 (Merck Chemicals, >98%) was used as the phosphorous precursor. Ozone was used as the oxygen source and was produced from >99.9% O 2 in an In USA ozone generator (AC-2025). Nitrogen was used as carrier and purge gas and was separated from air in a nitrogen generator (Schmidlin UHPN3001 N 2 purier, >99.999% N 2 + Ar purity). All depositions were preceded by an in situ 30 minute ozone cleaning consisting of 300 cycles of 3 s O 3 pulse and 3 s N 2 purge at the deposition temperature in order to remove any organic remains.
The sublimation temperature used for Eu(thd) 3 The Me 3 PO 4 was kept at room temperature and assisted with N 2 carrier gas. The europium and titanium processes were previously described by Hansen et al., 24 while the phosphate process was previously described by Gandrud et al. 29 and all the process parameters were chosen to be well within saturating conditions according to prior investigations of these binary systems on the same equipment.
The thickness of the native oxide layer on the silicon substrates ranged from 2-4 nm and was measured by spectroscopic ellipsometry before each deposition.
For each deposition, the following substrates were used: one 3 Â 3 cm 2 Si substrate for X-ray uorescence purpose, ten 0.5 Â 0.5 cm 2 Si substrates for annealing purposes and photoluminescence measurements, and two 4 Â 0.5 cm 2 Si substrates placed at the back and front of the reaction chamber to monitor the conformality of the lms across the whole chamber.
The produced layers will in this article be referred to as EPO and TPO for europium phosphate and titanium phosphate layers respectively, with an EPO cycle consisting of one europium oxide cycle followed by one phosphate cycle. Similarly, TPO cycles are constructed from one titanium oxide cycle followed by a phosphate cycle. A complete cycle will thus be referred to as an MP-cycle, where M can be either Eu or Ti.
The composition of the samples was controlled by adjusting the EPO : TPO cycle ratio, e.g. 30 pulse% EPO was achieved by three pulses of EPO and seven pulses of TPO. The pulses were alternated in such a way that that the EPO cycles were as evenly distributed between the TPO cycles as possible. N pulse% EPO will be abbreviated N EPO from here on.
The lm thickness was kept to ca. 100 nm in order for this parameter to have minimal impact on the properties of interest.
The crystallinity of the samples was determined with a Bruker D8 Discovery X-ray diffractometer, using CuK a1 radiation and a Ge (111) The emission spectra are not calibrated for the detector sensitivity. For recording photoluminescence excitation spectra (PLE) and performing quantum efficiency measurements we used an Edinburgh Instruments FLS920 uores-cence spectrometer, using a 450 W Xe lamp as excitation source and a Hamamatsu R928 PMT with a grating blazed at 300 nm for detection. The quantum efficiency measurements were performed on samples deposited on silica substrates, using an integrating sphere. PL decay measurements were performed with an optical parametric oscillator (OPO) system (Opotek HE 355 II) pumped by the third harmonic of a Nd:YAG laser as excitation source. For the PL decay measurements, the OPO system was set at l exc ¼ 355 nm, with a repetition rate of 20 Hz. The PL decay was recorded with the same equipment used for the excitation measurement. The PL data shown in Fig. 5 was recorded with 20 s integration time aer an initial 1-2 s of laser exposure, and averaged over two spots near the centre of the sample. The emission in general appeared to be independent of where the beam hit the sample with the exception of the edges and some of the samples annealed at 800-1000 C, which is expected to be due to variance in surface roughness across the sample surface aer being exposed to high temperatures. This is thus not expected to impact the conclusions drawn in this study.
A SU8230 eld emission scanning electron microscope (FE-SEM) from Hitachi was used to study the surface morphology.
The 0.5 Â 0.5 cm 2 substrates for the various compositions were annealed inside an open quartz ampoule in air in a tube furnace for 10 min at 400, 500, 600, 700, 800 and 1000 C.
Results and discussion
At a deposition temperature of 300 C, the deposition rate of EPO and TPO was determined to be 1.0Å per MP-cycle and 0.8Å per MP-cycle respectively. The cation concentrations and deposition rate of the as deposited samples are shown in Fig. 1 . The thin lms all appear to be conformal across the whole deposition chamber and the surface roughness, R q , of all samples is less than 0.4 nm, as determined by AFM. Additional information about number of regular cycles, thickness, cation concentrations, and roughness of the samples is provided in Table S1 . † XRD was performed to obtain structural information about the samples, and revealed that all of them were amorphous as deposited (300 C). A few samples showed signs of crystallization at 900 C, though most did not appear to crystallize before being annealed at 1000 C (Fig. S1 †), which is expected to be due to the lack of a stable Eu-Ti-P-O phase. The samples may contain grains too small to be detected in q-2q geometry at temperatures lower than what we observe by XRD, as small grains were observed by AFM for some samples below 1000 C ( Fig. S2 and S3 †). Fig. 2 shows diffraction patterns for all compositions annealed at 1000 C. All the peaks in the pattern of the sample containing 80 EPO were found to correspond to the EuPO 4 phase 30 ( Fig. S4 †) , indicating that all the peaks from 50-90 EPO that overlap with these peaks also originate from this phase. The small peak observed at 53 for the 60 and 70 EPO samples could also belong to EuPO 4 , though various titanium oxide phases also have a reection at this point, making it unclear which phase is responsible. The peak at $25 of the samples containing 20-40 EPO corresponds to anatase TiO 2 .
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The extinction coefficient, k, and refractive index, n, are important parameters that describe how the samples interact with light and are crucial in determining whether the material can be used for applications, such as a conversion layer for solar cells. Approximations of these parameters were determined for the as deposited samples using ellipsometry and the resulting data are presented in Fig. 3 . It is evident that both n and k increase with increased TPO pulsing, demonstrating that the growth can be controlled by ALD. The UV-absorption is rather weak, particularly for samples with low Ti-content, which means that a thick layer would be required for applications where UV to visible conversion is desired.
The excitation and emission spectra were recorded in order to compare the shape and emission intensity of the samples. This is shown for one of the most emissive samples in Fig. 4 . The shape of the spectrum was identical for all the as deposited samples ( Fig. S5 and S6 †), suggesting that the local coordination around Eu 3+ is independent of composition for this set of samples. Additional excitation and emission spectra for samples annealed at 500 C can be found in Fig. S7 . † Fig. 5 shows the total emission intensity of every sample plotted against the pulse% EPO and annealed at increasing temperatures up to 800 C. The overall trend appears to be that annealing at 500-700 C increases the luminescence of every sample signicantly, while annealing at 800 C quenches it. The photostability under UV or X-ray illumination of the as deposited samples and the samples annealed at 400 C was poor in general ( Fig. S8 †) , particularly for the samples with 30 EPO or less. The long integration time required to obtain reproducible results (20 s) thus had a signicant impact on the detected emission from these samples. The luminescence of the samples could be completely recovered by tempering at 300 C for 1 h, proving the process to be reversible (Fig. S9 †) . Reversible photostructural effects are well documented in amorphous
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The mechanisms governing these processes are not fully understood and several models have been proposed, 26, 27 though, it has not been possible to verify if the EPO-TPO system follows any of these models. The emission did not recover by keeping the samples in the dark for any amount of time. No Eu 2+ emission could be detected and no change in colour or refractive index could be observed aer the bleaching. It is, however, our interpretation that both P and Ti are involved in the process, as the bleaching is most prominent in samples with high Ti concentrations and the effect was not observed for any of the europium titanate samples investigated in our previous work. 23, 24 This indicates that phosphorous is required for the process to take place, either directly or indirectly by increasing the disorder.
Annealing the samples at 400 C had no effect on the emission of some samples and only a slight effect on others. The photostability was still poor and differences between 300 C are mainly attributed to uncertainty related to the bleaching effect. Annealing at 500 C or above resulted in a sharp increase in the photostability. Fig. 6 shows the emission intensity of the 30 EPO sample plotted against the laser exposure time. It is evident that the photostability is dramatically increased aer annealing at 600 C for 10 min, though, the samples are not perfectly photostable and still bleach gradually over time (Fig. S10 †) . The inset shows a log-log plot that can be used to determine the bleaching rate, b, dened by:
where I(t) is the emission intensity, t is the laser exposure time, and I 0 is the intensity aer 1 second of laser exposure. It follows that in the log-log plot, the linear t intersects the y-axis at log I 0 . As the decay is exponential and goes towards innity as t approaches 0, it is not possible to determine the emission of a completely unbleached sample; however, the emission aer 1 s of laser exposure should serve as reasonable approximation. This value is shown as the dotted line in Fig. 5 for all the as deposited samples. The corresponding bleaching rate for most of the samples is provided in Table 1 , and shows that the bleaching increases linearly with reduced EPO (Fig. 11) . By taking the bleaching into account, the relative intensities between the different EPO concentrations become similar to the annealed samples, i.e. it is only due to the bleaching effect that the 50 EPO sample displays the highest emission intensity as deposited. It could also be that the samples already are severely bleached aer 1 s and that the emission observed aer annealing at 500 C best describes the emission of the unbleached samples. The most important factors that impact the luminescence, and consequently help explain the observations in Fig. 5 , are expected to be the energy transfer rate from the (TiO 6 ) 8À complex to Eu 3+ , and from Eu 3+ to Eu 3+ , as well as the symmetry around Eu 3+ and the amount of quenching centres in the material. As the shape of the emission is identical for all the as deposited samples, the symmetry cannot explain the differences in emission intensity. The energy transfer rates, however, are highly dependent on the distance between the involved atoms and should vary signicantly between the samples. The distances can be challenging to determine in amorphous materials, but can nevertheless be estimated in materials made by ALD. The Eu-Eu distance from a single Eu(thd) 3 /O 3 cycle in the plane of the surface is for instance easily approximated by the size of the organic ligands, which in this case is slightly above 1 nm. 34 The longest distance at which efficient energy transfer between two dipoles takes place, i.e. the Förster radius, R 0 , is only a few angstroms for the Eu 3+ -Eu 3+ couple 35, 36 and amorphous mixtures of Eu and Ti have previously been shown to be resistant to concentration quenching 23, 37 due to this. It follows that several consecutive EPO cycles would be required for the Eu-Eu distance to be reduced below R 0 .
The lifetime of the excited state is very sensitive to all kinds of quenching, including concentration quenching, and it could thus be used to determine how many consecutive EPO cycles can be deposited before concentration quenching becomes dominant. Fig. 7 shows PL decay measurements of the as deposited samples. It is evident that the lifetime of the 80 and 90 EPO samples is severely reduced compared to the samples with less EPO. 80 EPO corresponds to a 1 : 4 pulse ratio of TPO and EPO, i.e. four consecutive EPO cycles. With a deposition rate of $0.8Å per MP-cycle this should correspond to slightly more than a monolayer. A 1 : 3 pulse ratio of TPO and EPO thus appears to be the limit before concentration quenching becomes dominant. The samples with 5-40 EPO have a fast decaying component hardly noticeable in the 50-90 EPO samples, and can only be tted with a biexponential decay function (Fig. S12 †) , while the 50-90 EPO samples can be tted to a single exponential decay function (Fig. S13 †) .
The Ti-Eu distance should decrease with increased EPO content, and the ideal pulse ratio required in order to achieve optimal energy transfer between (TiO 6 ) 8À and Eu 3+ , while also avoiding concentration quenching, should thus be 1 : 3 between EPO and TPO (i.e. 75 EPO should be ideal). For $100 nm thickness lms we observe that 30 EPO displays the strongest emission intensity, however, from the ellipsometry measurements in Fig. 3 , it is evident that absorption is a limiting factor for the observed emission in these samples, particularly for samples with low Ti-concentrations. By taking the absorption into account, the relative emission intensities become shied towards higher EPO, as shown in Table 2 . With a sufficiently thick lm the 70 EPO sample is expected to exhibit the strongest emission, in agreement with the PL decay measurements. Samples with less than 30 EPO also display a sharply reduced emission. This suggests that energy transfer from (TiO 6 ) 8À is reduced when depositing more than 3 consecutive cycles of TPO. Annealing at 500-700 C could have a positive effect on the emission beyond reducing the bleaching, provided that the approximation of the emission of the unbleached samples is valid. This would indicate that a change beyond increased photostability takes place. Fig. 8 shows that the lifetime of a sample with 40 EPO is increased aer annealing at 500-700 C and is strongly correlated to the detected emission intensities (a similar measurement of a 30 EPO sample can be found in Fig. S14 †) . The radiative lifetime is sensitive to quenching of any Table 1 Bleaching rate, b, of as deposited samples excited at 325 nm (Fig. S12 †) , while 50-90 EPO were fitted using a single exponential decay function (Fig. S13 †) . kind as well as the local symmetry around Eu 3+ . As the emission from the 5 D 0 / 7 F 2 is hypersensitive to the local symmetry around Eu 3+ , the shape of the emission spectrum can be used to determine whether a change in symmetry actually occurs. Fig. 9 shows that the shape of the PL emission of samples containing 40 EPO and annealed at different temperatures remains constant up to 800 C. At that point a shoulder appears in the 5 D 0 / 7 F 2 peak (perhaps more obvious in Fig. S15 †) , while annealing beyond this quenches the luminescence. The increased lifetime observed aer annealing at 500-700 C can consequently only be due to a reduction in luminesce quenching. As concentration quenching should not be relevant for this sample and Eu-diffusion would result in an observable change in local coordination, it is our interpretation that the increased lifetime must be due to a reduction in the number of quenching sites, or access to these. As the emission rate of the unbleached samples is similar to the samples annealed at 500 C, where bleaching takes place at a considerably slower rate, it appears that the bleaching is related to these quenching sites. Annealing at 500-700 C removes a number of the quenching sites and thus also reduces the bleaching. For the high temperature annealed samples, the exact crystallographic and chemical changes are important factors, and the discussion of emission efficiencies of these samples is more complex. The reduced emission intensity and lifetime observed at 800 C are interpreted as an increase in the non-radiative decay rate, possibly due to concentration quenching. The change in symmetry around Eu 3+ is indicative of Eu 3+ diffusion taking place, probably reducing the Eu-Eu distance. The shoulder present at 800 C was also observed for all the other samples annealed at the same temperature whose emission could be detected, apart from the sample with 1 EPO (Fig. S16 and S17 †). This sample displayed a broad emission in the NIR range, which was enhanced dramatically when the sample was annealed at 1000 C. This also becomes apparent for some of the other samples, as can be seen in Fig. 10 . The NIR emission is most prominent in the samples containing, 1, 5, 60, 80 and 90 EPO, and noticeable in the sample containing 30 EPO. This could be caused by luminescence of rutile TiO 2 , which can luminesce at around 850 nm. 38 As the observed emission is not due to an f-f transition, the emission wavelength is strongly affected by the surrounding ligands and it is thus not possible to deduce what kind of titanium phase is actually responsible. The presence of this luminescence implies, however, that some of the titanium ions no longer transfer their energy to nearby europium ions, indicating that the distance between europium and titanium has become too large for efficient energy transfer to take place.
NIR emission has also previously been reported in KTiOPO 4 , 39 and the NIR emission was enhanced by europium doping. The Eu 3+ emission observed is similar in shape to EuPO 4 emission 40 ( Fig. S18 †) for all samples, except for the 10 and 70 EPO sample, whose emission still resembles that of the as deposited samples. These samples do not exhibit any NIR emission, which implies that energy transfer still takes place for these samples. As the XRD pattern shows that the EuPO 4 phase is present in most of the samples that have been annealed at 1000 C, and the samples display broad luminescence, which f-f transitions do not display, it can be concluded that most of the Ti and Eu atoms have segregated and formed separate phases.
As the separation between Eu-atoms in crystalline EuPO 4 is only a few angstroms, the concentration quenching should be very efficient. Combined with a very narrow absorption, the formation of crystalline EuPO 4 is expected to be extremely weak. This explains the dramatic drop in the luminescence intensity at 1000 C, and could also have an effect on the samples annealed at 800 C.
Diffusion of the various elements in the sample is expected to cause signicant changes in the morphology. The samples were consequently investigated with FE-SEM to obtain a better understanding of the processes taking place during annealing. The samples containing 20, 50 and 80 EPO and annealed at 1000 C, illustrate the phase separation taking place during annealing at this temperature, which is presented in Fig. 11 .
The image of the sample with 20 EPO exhibits dendritical growth from nucleation centres. This is typical when growth is limited by diffusion of a component in surplus, like the titanium phase in this case. The 50 EPO sample appears to exhibit some dewetting of the lm. The reason for this is not clear, but it could be associated with the high atomic mobility of the oxide phases at this temperature. The 80 EPO sample is typical of all the samples with >50 EPO, in which most of the materials have crystallized, which XRD analysis conrms to be EuPO 4 . Quantum efficiency measurements performed on samples with 30-60 EPO deposited on fused silica and annealed at 300-600 C, revealed that the sample with 60 EPO and annealed at 600 C displayed the highest quantum yield of $6%. A sample with 70 EPO would likely display a very similar quantum yield, possibly slightly higher. As the lifetime aer annealing at 500-700 C is similar to Eu 3+ in materials with much higher quantum yields, 36, 41 it is our interpretation that most of the energy is lost before it is transferred to Eu 3+ . The NIR-emission observed in the samples annealed at 1000 C indicate that the Stokes shi of (TiO 6 ) 8À could be large in this system and can thus easily be quenched. Summarising the results so far, it appears that photobleaching, possibly related to photostructural changes, dominates the emission signal for the as deposited samples. The material becomes resistant to this upon annealing at 500 C, and combined with a reduction in the number of quenching sites, it results in signicantly increased emission rates. Between 500-700 C there are only slight changes for most samples, but above 700 C, migration of most mobile elements, most likely titanium and possibly europium, cause the symmetry around Eu 3+ to change, also accompanied by a reduction in emission rate and lifetime of the Eu 3+ emission. The migration of these elements allows for various crystalline phases, as well as grain boundaries between them, to form, which results in reduced Eu-Eu distances and increased Ti-Eu distances, reducing the energy transfer rate between them, which results in NIR emission from the titanium phase. While the quantum efficiency is too low for most applications, amorphous Eu-Ti-P-O thin lms still offers some unique and interesting properties, like tuneable bleaching and emission that could potentially be exploited in future applications. 
Conclusion
Through this work we have demonstrated that the EPO-TPO growth can be controlled by ALD. The optimal pulse ratio of EPO and TPO with respect to emission intensity with 325 nm excitation was found to be 3 : 7 for $100 nm thickness lms, though 7 : 3 was found to be optimal for thick lms where absorption is not an issue. The optimal annealing temperature was determined to be 500-700 C, depending on the pulse ratio.
The highest measured quantum efficiency for the system was found to be $6% for a sample with 60 EPO annealed at 600 C.
All as deposited samples containing both Ti and Eu luminesce red light when exposed to UV, though, the emission intensity drops off rapidly when exposed to UV or X-ray radiation for a prolonged duration. The luminescence recovers when the sample is tempered. The bleaching rate can be tuned by varying the Ti-concentration in the samples, with increased bleaching rates for high Ti-concentrations. The photostability of all samples is dramatically increased by annealing at 500-700 C. However, the luminescence is sharply reduced for all compositions when annealed at 800 C. This has been interpreted to be due to increased diffusion of the various elements in the sample at this temperature, resulting in increased Ti-Eu distances, with an accompanied change in local coordination around Eu 3+ , resulting in increased local symmetry. This reduces the spontaneous emission rate due to the parity forbidden nature of the transition, resulting in signicantly reduced emission rates. Aer annealing the samples at 1000 C, the Eu 3+ luminescence is more or less completely quenched for all compositions due to phase separation into various crystalline phases like EuPO 4 and TiO 2 . This causes a sharp reduction in the energy transfer between Ti-and Eu-ions in the material resulting in broad, but weak NIR-emission from the titanium for most of the compositions.
